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(57) ABSTRACT 

The invention is a radio terminal that co-ordinates with 
similar terminals around it to form a time division multiple 
access (TDMA) network. No base station or special devices 
are needed to manage the network. The terminals autono 
mously establish the critical functions that form the back 
bone of the network including routing and synchronization. 
Once established, any terminal can send radio messages 
through the network using any modulation format, analogue 
or digital, that meets the network’s bandwidth, timing, and 
power speci?cation. Terminals are able to reach destinations 
beyond their range by routing signals through neighboring 
terminals. The routing algorithm is simpli?ed considerably 
by exploiting the broadcast nature of radio waves and 
allowing the signal to take more than one path through the 
network at the same time. For network synchronization, 
each terminal acts as both a slave, locking its clock fre 
quency to the rest of the network, and a master, pushing the 
network frequency to match its own reference. In a simpli 
?ed embodiment of the invention, the terminal accesses the 
network but does not participate in routing or synchroniza 
tion. This allows battery-powered devices such as handheld 
terminals to access the network. 

24 Claims, 16 Drawing Sheets 
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SELF-CONFIGURING RADIO NETWORK 

FIELD OF THE INVENTION 

This invention relates to telecommunications networks, 
and more particularly the routing of signals and synchroni 
zation of terminals Within a telecommunications netWork. 

BACKGROUND OF THE INVENTION 

Most radio netWorks require some form of infrastructure. 
In the case of cellular and PCS phones, the infrastructure is 
in the base stations and the underlying netWork. For cordless 
phones, the tWisted-pair telephone system provides the 
infrastructure. Other radio networks, such as the push-to-talk 
citizen’s band system, don’t require infrastructure but only 
supply a rudimentary service. In some instances Where 
sophisticated voice and data netWorks are required the cost 
of installing infrastructure is prohibitive, only a temporary 
netWork is required, or there is not enough time to set up 
infrastructure. Some examples are remote communities, 
remote industrial job sites, emergency sites, sporting events, 
and conventions. 

The system described by Lee et al. in US. Pat. No. 
5,887,022 describes a system Where a set of radio terminals 
activated in a region Will self-con?gure into a communica 
tions netWork. This effectively produces the infrastructure 
Within the radio units themselves. AdraWback of this system 
is that all of the terminals must be in direct radio contact With 
every other terminal in the netWork. Ideally, this should not 
be a restriction, and terminals should be able to route their 
signal through a netWork of other terminals to reach desti 
nations beyond their oWn radio range. Many routing algo 
rithms exist, but most are based on Wire/?bre netWork 
topologies Where the connections betWeen nodes are ?xed. 
Some, such as the system described by Falmmer in US. Pat. 
No. 5,448,608, requires con?guration information to be 
manually entered into each terminal, in this case geographic 
co-ordinates. No routing algorithm exists for a truly ad-hoc 
Wireless netWork. 

SUMMARY OF THE INVENTION 

This invention is a radio terminal that, When activated 
Within reasonable proximity of similar radios, becomes part 
of a self-organizing communications netWork. There are tWo 
classes of terminals in the netWork: active terminals and 
passive terminals. The active terminals form the backbone of 
the netWork by synchronizing to each other and establishing 
a common time domain multiple access (TDMA) frame in 
Which all communication occurs. The active terminals also 
act as a netWork routers, forWarding signals betWeen termi 
nals that are too far apart to communicate directly. Passive 
terminals are simpler devices that can access the netWork but 
don’t participate in routing or synchronization. Battery 
poWered devices are usually passive to conserve energy. 

The netWork is designed so that no one terminal is critical 
for any netWork function, and therefore a failure in any 
terminal Will not disrupt the remainder of the netWork. The 
netWork does not impose any speci?c modulation format on 
the signals passing through it. Any signal, analogue or 
digital that meets the netWork’s frequency, timing, and 
poWer speci?cations can be sent. On top of the netWorking 
base established by the terminals, a system can be built With 
Whatever modulation formats, access protocols, congestion 
controls, addressing modes, etc. that the speci?c application 
requires. 
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2 
Providing local communications to a small village is one 

example of hoW this invention can be applied. Each house 
in the village Would have at least one active terminal that 
supports its part of the netWork backbone, as Well as 
providing interfaces and connectors for Wired devices Within 
the home such as ?xed telephones and computers. A house 
hold may also have one or more passive terminals like 
cordless phones and portable computers, Which are able to 
roam throughout the community using any part of the 
netWork. The netWork time Would be divided betWeen one 
critical based protocol that handles the village’s local tele 
phone system needs and a separate packet based protocol 
that handles the village’s data needs. 
The active terminals divide the TDMA frame into a series 

of time slots. Some of the slots are designated data slots for 
carrying information betWeen terminals, and others are 
designated synchronization slots. The data slots are further 
divided into sub-slots to accommodate routing. The source 
terminals transmits its signal during the ?rst sub-slot and the 
remaining active terminals in the netWork use the folloWing 
sub-slots to route the signal through the netWork. 
The method of routing signals from source to destination 

used by this invention is different than the method of routing 
signals through a conventional cable or ?ber netWork. A 
conventional netWork is composed of routing nodes With 
?xed links betWeen the nodes. The nodes contain routing 
tables that direct the traf?c to the appropriate links and the 
signal takes one path from the source to the destination. In 
this invention, the signal is alloWed to take many paths 
through the netWork simultaneously. This method does not 
require routing tables and simpli?es the routing algorithms 
considerably. 
The routing algorithm Works as folloWs. In the ?rst 

sub-slot, the source terminal transmits the signal to the 
neighbouring terminals Within its range. These terminals 
simultaneously rebroadcast it in the second sub-slot. The 
repeated signals reach both back toWards the source terminal 
and further into the netWork, beyond the source terminal’s 
original range. The part that goes back toWards the source is 
ignored, and the part that propagates further into the netWork 
is picked up by neW terminals. These in turn rebroadcast it 
in the third sub-slot. With each successive rebroadcast, the 
signal is pushed further out into the netWork until it reaches 
every terminal, including the destination. 

Such a routing scheme requires that each terminal have its 
TDMA slot and sub-slot boundaries synchronized to every 
other terminal in the netWork. Normally a single master 
clock sets the pace of the TDMA frame and rest of the radio 
terminals contain slave clocks that lock to this master. Since 
this particular netWork must operate Without a base station 
or netWork controller, it does not have a single master clock. 
Instead all of the active terminals behave as both slave 
clocks and master clocks simultaneously to achieve netWork 
synchronization. All active teminals simultaneously transmit 
identical signals during special synchronization slots set 
aside in the TDMA frame. At random intervals, each termi 
nal disables its transmitter and listens to the synchronization 
signals from the other terminals in order to measure and 
correct the time offset of its clock With respect to the rest of 
the netWork. 

The function of the master clock is distributed throughout 
all of the active terminals. Each terminal measures the 
frequency offset betWeen its internal reference clock and the 
rest of the netWork and then tries to move the frequency of 
the netWork toWard its reference. The terminals do not try to 
in?uence the speed of the netWork directly by adjusting the 
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frequency of their internal clocks; instead they in?uence the 
speed of the network indirectly by adjusting the transmission 
time of their synchronization signals. If a terminal transmits 
its synchroniZation signal earlier than usual, then the rest of 
the netWork Will react by speeding up. If it transmits later, 
the rest of the netWork Will react by sloWing doWn. 
Effectively, each terminal applies a synchroniZation “force” 
to the rest of the netWork. When the forces pushing to go 
sloWer balance the forces pushing to go faster, the netWork 
assumes a stable frequency. 

These and other aspects of the invention are found in the 
detailed description and the claims that folloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

There Will noW be described preferred embodiments of 
the invention, for the purposes of illustration only and 
Without intending to limit the generality of the claims, With 
reference to the draWings, in Which like reference characters 
denote like elements and in Which: 

FIG. 1 is the schematic of the active terminal embodiment 
of the invention; 

FIG. 2 shoWs the structure of the TDMA time frame; 

FIG. 3 is the schematic of the passive terminal embodi 
ment of the invention; 

FIG. 4 is a schematic shoWing the details of the router 
module; 

FIG. 4A is a How diagram shoWing operation of the 
router; 

FIG. 5 is an example illustrating direct routing through 
netWork; 

FIG. 6 is an example illustrating multipath routing 
through a netWork; 

FIG. 7A shoWs the progress of a signal through the 
netWork in the ?rst sub-slot; 

FIG. 7B shoWs the progress of a signal through the 
netWork in the second sub-slot; 

FIG. 7C shoWs the progress of a signal through the 
netWork in the third sub-slot; 

FIG. 7D shoWs the progress of a signal through the 
netWork in the fourth sub-slot; 

FIG. 8 is a schematic shoWing the details of the synchro 
niZation module; 

FIGS. 8A and 8B are How diagrams shoWing operation of 
the synchroniZation module; 

FIG. 9 illustrates time compression operation in the 
transmitter in a preferred embodiment of this invention for 
voice transmission and the corresponding time compression 
operation in the receiver; 

FIG. 10 is a schematic of the preferred voice transmission 
embodiment of this invention; 

FIG. 11 shoWs the structure of the time frame including 
digital control section and analog TCM section for the 
preferred embodiment of FIG. 9; 

FIG. 12A shoWs the effect of the channel of an ordinary 
voice segment for the embodiment of FIG. 9; 

FIG. 12B shoWs the effect of the channel on a voice 
segment With the appropriate precursor for the embodiment 
of FIG. 9; 

FIG. 12C shoWs hoW transmitted voice packets can be 
transmitted Without interference for the embodiment of FIG. 
9; 

FIG. 13 shoWs the schematic of the transmitter’s storage 
unit for the embodiment of FIG. 9; and 
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4 
FIG. 14 shoWs the schematic of the receiver’s storage unit 

for the embodiment of FIG. 9. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

FIG. 1 shoWs the preferred embodiment of an active 
terminal. Each terminal consists of three major components: 
the router 10, the synchroniZer 12 and one or more trans 
ceivers 14. Radio signals that reach the terminal are picked 
up by antenna 16 and passed through a duplex sWitch 18 that 
is normally in the receive (RX) position. The signals are 
ampli?ed by a loW noise ampli?er 20 before reaching the 
doWnconverter module 22. The doWnconverter reduces the 
carrier frequency of the signal to a common intermediate 
frequency (IF) used by the rest of the radio and removes the 
out-of-band signals. The IF signal is simultaneously passed 
to the router 10, synchroniZer 12, and transceiver 14. The 
output of the three major modules are passed to the upcon 
verter 24 Where the frequency is shifted back up to the radio 
frequency band, ampli?ed by a poWer ampli?er 26, and then 
broadcast at the antenna 16 via the duplex sWitch 18. Both 
the upconverter and the doWnconverter use a common local 
oscillator (LO) 28. 
The radio channel is shared betWeen terminals and 

betWeen modules Within the terminal by time division 
multiple access (TDMA). The netWork time is divided into 
a continuous series of frames, each frame With a structure as 
shoWn in FIG. 2. The ?rst time slot in each frame is used for 
synchroniZation signals and the remainder are data slots for 
carrying information betWeen terminals. To accommodate 
routing, each data slot is further divided into sub-slots. The 
transceiver module 14 transmits its signal during the ?rst 
sub-slot and the router modules 10 in the remaining active 
terminals use the folloWing sub-slots to route the signal 
through the netWork to its destination. 
The router module’s function is to rebroadcast signals 

from neighboring terminals in order to extend their range. 
After the router 10 receives a signal at its input (IN) that is 
to be forWarded, it asserts its transmit (TX) line and repeats 
the same signal at its output (OUT) in the folloWing sub-slot. 
The TX line causes sWitch 30 to connect the router to the 
upconverter, and passes through OR gate 36 to cause the 
duplex sWitch 18 to connect the antenna 16 to the poWer 
ampli?er 26. The router does not try to interpret the signal 
in any Way, it simply rebroadcasts the signal exactly as it Was 
received. Signals may be routed through several hops, With 
one sub-slot for each hop, in order to reach destination far 
outside the source terminal’s original range. 
The synchroniZer module 12 has a double role. It must 

listen to signals from the other radios during the synchro 
niZation slot and adjust the radio’s frame clock to match the 
rest of the netWork. From this, it generates a FRAME signal 
Whose rising edge marks the beginning of each TDMA 
frame for the router 10 and the transceiver 14. The synchro 
niZer must also generate synchroniZation signals for the 
other radios in the netWork and in doing so, help set the pace 
of the TDMA frame for the entire netWork. When transmit 
ting its synchroniZation signal, it asserts the transmit (TX) 
line to connect its output to the upconverter 24 via sWitch 32 
and to connect the antenna 16 to the poWer ampli?er 26 via 
sWitch 18. 
The transceiver module 14 is What this terminal uses to 

communicate With other terminals in the netWork. In 
general, there may be more than one radio modulation 
scheme used Within the netWork and the terminal may have 
more than one set of transceivers or one softWare based 
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transceiver capable of communicating With several different 
radio formats. As With the other modules, the transceiver has 
a TX line Which connects its output to the upconverter 24 via 
sWitch 34, and connects the antenna 16 to the poWer 
ampli?er 26 via sWitch 18. The transceivers are only alloWed 
to transmit during the ?rst sub-slot of the data slots. 

For an active terminal, the routing and synchronization 
modules are alWays turned on, even When the terminal’s 
local transceivers are inactive. This is a requirement to keep 
the rest of the netWork going. If the radio is small, battery 
poWered device this is impractical as the routing and syn 
chroniZation functions Will quickly drain its limited energy 
resources. In this instance, the passive terminal embodiment 
shoWn in FIG. 3 is used. This is identical to the active 
terminal shoWn in FIG. 1 except that there is no router 10 
and the synchroniZation module 12 is not alloWed to trans 
mit synchroniZation signals. The passive terminal only 
transmits its oWn data signals, Which signi?cantly reduces 
its poWer requirements. 

The details of the router module 10 are shoWn in FIG. 4. 
All signals arriving at the input (IN) pass through delay 
element 50, Which has a delay equal to the length of one 
sub-slot, and are repeated in the next sub-slot at the output 
(OUT) line. In the preferred embodiment, the delay element 
is a surface acoustic Wave (SAW) ?lter With a bandWidth 
greater than that of the signal and a uniform delay across the 
band. The routing controller 52 determines Whether the 
signals on the output line are transmitted or not. The 
FRAME signal from the synchroniZer 12 alloWs the con 
troller 52 to determine Where all the slot and sub-slot 
boundaries are. When the controller determines that a sub 
slot should be forWarded, it asserts the TX line during the 
folloWing sub-slot While the delayed version of that signal is 
being sent through the OUT line. 

The algorithm that the routing controller 52 uses to assert 
the TX line determines hoW the signals are sent through the 
netWork. If Wire/?bre netWorking practices Were employed, 
the source terminal Would recruit terminals betWeen itself 
and the destination to act as routers, as shoWn in FIG. 5. The 
source Would transmit to the ?rst router during the ?rst 
sub-slot, Which Would in turn transmit to the second router 
in the second sub-slot, and so fourth until the signal reaches 
the destination. While intuitively simple, this method has 
many disadvantages. To set up a routing path, each terminal 
must ?rst become aWare of its place Within the netWork and 
the location of its neighboring terminals. Routing tables 
must then be established in each terminal. This requires a 
tremendous amount of co-ordination and communication 
amongst the terminals, plus the netWork Would need to be 
able to recon?gure itself quickly as terminals move about 
the village. Another disadvantage is that every terminal is a 
critical node for all the signals that pass through it, and that 
one terminal’s failure Would severely affect the netWork. 

To decrease the complexity of the netWork and increase its 
robustness, signals are alloWed to take multiple paths 
through the netWork as shoWn in FIG. 6. In this particular 
example, the signal travels through the netWork simulta 
neously through 120 different paths. The multipath netWork 
does distort the signal, but it does so in a Way that is similar 
to the distortion that occurs in a normal multipath radio 
channel. The signal that arrives at the destination is a 
composite of the signals through each path. Signals that pass 
through longer paths in the netWork tend to arrive later With 
smaller amplitudes than the signals that pass through shorter 
paths. In addition, the individual links in the netWork are 
themselves multipath radio channels, Which adds to the 
number of paths in the overall signal. 
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Multipath channels have the advantage of built in redun 

dancy. In a multipath radio channel, if any of the individual 
paths are blocked (including the direct path) the remaining 
paths Will still carry the signal to the destination. This same 
effect applies to the multipath netWork. If one terminal is 
turned off, moved, or breaks doWn, there are normally 
enough parts remaining in the netWork to continue commu 
nications Without disruption. The disadvantages of multipath 
channels, most notably ?at and frequency selective fading, 
can be handled by a number of different Wideband commu 
nication techniques including spread spectrum, multicarrier 
modulation (OFDM), and equaliZation. 
The set of paths shoWn in FIG. 6 Were generated by 

applying three rules in the routing controller 52: 
1. When the router detects suf?cient signal energy in one 

sub-slot, it rebroadcasts a copy of the signal in the next 
sub-slot. 

2. The router only rebroadcasts a signal once during any 
given slot. 

3. The router does not rebroadcast a signal across slot 
boundaries. 

The ?rst rule tells the router to assert the TX line and 
forWard a signal only if it has enough energy to meet a given 
quality standard. The source terminal transmits its signal in 
the ?rst sub-slot and the energy in that signal is picked up by 
the active terminals Within its range. These terminals simul 
taneously retransmit the signal in the next sub-slot to a larger 
range. The terminals Within the larger range retransmit the 
signal in the next sub-slot and so on until the signal reaches 
all parts of the netWork. The second rule forces the signal to 
only propagate aWay from the source terminal as it 
progresses through the netWork by preventing any one router 
from forWarding the same signal tWice. This eliminates the 
possibility of closed routing loops Within the netWork. The 
last rule is used to extinguish a signal after it reaches the end 
of its time slot. This prevents any signal from circulating 
through the netWork in perpetuity. 

FIG. 4A shoWs operation of the router. When idle, the 
router Waits for the rising edge of the FRAME signal, and 
upon receipt of the FRAME signal, skips the synchroniZa 
tion slot. The integrator 56 is enabled at 51 to measure over 
the sub-slot, then the poWer level indicator is read at 53 and 
then the router Waits for the start of the next sub-slot at 59. 
A decision is made at 55. If the poWer is greater than 
reference, then the TX signal is asserted for one sub-slot 
period, and if not, then the router checks to see of this is the 
last sub-slot. If not, the router begins again With enabling of 
the integrator at 51, and if this is the last sub-clot in a slot, 
then goes to decision 57. If the poWer is greater than the 
reference level, then the TX is asserted for one sub-slot at 61. 
Due to the delay at 59, the signal Will be delayed one 
sub-slot. After assertion of TX, or after the last sub-slot in 
the slot, the router checks to see if this is the last data slot 
in the frame at 57. If not, then the router returns to 51, and 
if this is the last data slot, then the router Waits again for the 
rising edge of the frame signal. 

FIG. 7 demonstrates hoW these router rules are applied to 
achieve the netWork in FIG. 6. In the ?rst sub-slot (FIG. 7a) 
the source terminal transmits its radio message. The circle 
delimits the range of the radio. The ?ve terminals Within 
range apply rule number one and determine that there is 
signi?cant energy in the signal to rebroadcast it in the next 
sub-slot. In the second sub-slot (FIG. 7b), these ?ve termi 
nals simultaneously rebroadcast the original message. By 
rule 2, the source terminal can not transmit the signal again 
so it becomes inactive (as indicated by the “x” mark) for the 
rest of this time slot. Four neW terminals are in range of the 














